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ABSTRACT

Numerous viral pathogens can cause pandemics, such as the COVID-19 pandemic caused by
the SARS-CoV-2 virus. Rapid diagnosis is critical for timely treatment and for limiting the spread
of the disease. Common viral infection starts from binding of the viral pathogens to the viral
receptors on the host body, for example, SARS-CoV-2 infects cells by binding to human
angiotensin converting enzyme 2 (ACE2) using the virus S protein and can be exploited for
biosensor development. This review discusses optical biosensors that exploit ACE2 or ACE2
derived peptides (ACE2 mimics) as an affinity ligand for detecting SARS-CoV-2. In these ACE2-
and ACE2-mimics-based optical biosensors, the target analytes can include whole virus (surrogate
pseudoviruses and inactivated SARS-CoV-2 virus), spike proteins (S protein), or receptor binding
domain (RBD) of the S protein. The optical transducer formats include lateral flow assays,
colorimetric assays, fluorimetric assays, surface enhanced Raman spectroscopy, localised surface
plasmon resonance etc. The sensor performances (such as limit of detection and turnover time)
was compared among various optical biosensor formats. We highlight the advantages of using
ACE2 and/or ACE2 mimics over common affinity ligands (such as antibodies) against future virus
mutations. We also discussed the advantages of the smaller sized ACE2 mimics relative to ACE2
protein for achieving more versatile optical sensor designs involving nanomaterials and higher
selectivity to SARS-CoV-2. In addition to SARS-CoV-2 detection, this review also discusses the
expanded application of ACE2-based optical biosensors for the detection of non-viral targets, e.g.,

SARS-CoV-2 neutralising antibodies and anti-SARS-CoV-2 drugs.



Keywords:

Optical biosensors; angiotensin converting enzyme 2; viral receptor; lateral flow; colourimetric
biosensor; fluorimetric biosensor; surface enhanced Raman spectroscopy; localised surface
plasmon resonance biosensor; SARS-CoV-2 biosensor; neutralising antibody biosensor.

Abbreviations:

ACEZ2: angiotensin converting enzyme 2

ACE2 mimic: Peptides derived from the binding site of ACE2 to the SARS-CoV-2 spike protein
Ag-RDT: Antigen rapid diagnostic tests

APTES: (3-Aminopropyl) triethoxysilane

AUNP: Gold Nanoparticles

ART: Antigen rapid test

BHQ?2: black hole quencher 2

BSL.: Biosafety level

EDC: 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
FRET: Fluorescence resonance energy transfer

Kgq: Dissociation constant

LOD: Limit of detection

LSPR: Localised surface plasmon resonance

N protein: Nucleocapsid protein

NHS: N-hydroxysuccinimide

PBS: Phosphate buffered saline



PCR: Polymerase Chain Reaction

PEG: polyethylene glycol

PFU: Plague forming unit

RBD: Receptor-binding domain

RT-PCR: Real-time Polymerase Chain reaction

S protein: Spike protein

SARS-CoV-1: Severe acute respiratory syndrome coronavirus 1
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2
SERS: Surface enhanced Raman spectroscopy

SPR: Surface plasma resonance

SWCNT: single wall carbon nanotubes

TCIDso: 50% tissue culture infectious dose

TMB: 3,3’, 5,5’-tetramethylbenzidine
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1. Introduction

SARS-CoV-2 is a - coronavirus that caused the global pandemic of Coronavirus Disease
2019 or COVID-19. SARS-CoV-2 is a typical ~ 91 nm diameter spherical [1] membrane bound
coronavirus covered with three main transmembrane proteins: a large protein complex known as
the spike or S protein, a smaller envelope or E protein and a membrane/matrix protein or M protein
[2]. SARS-CoV-2 infects cells by binding with the host cell’s angiotensin converting enzyme 2
(ACEZ2) via the S protein’s receptor binding domain (RBD).

Initially, diagnosis of COVID-19 was achieved on a large scale using laboratory-based
PCR to detect the viral RNA from nasal swabs [3]. Over time, lateral flow COVID-19 diagnostics
kits, also known as the ‘Antigen Rapid Test’ (ART) kits or ‘Antigen Rapid Diagnostic Tests’ (Ag-
RDT) [4, 5] have been emerged for point-of-care diagnosis. These Kits typically target the N
protein of SARS-CoV-2 [6] and produce results within 15-30 minutes. However, they have a
lower analytical sensitivity (LOD of 10° — 107 copies/ml) [7] as compared to existing RT-PCR Kits
(LOD of 10% 10°® copies/ml) [3]. Despite the lower sensitivity, they are still able to detect the vast
majority of COVID 19 cases as the peak viral load in infected people is typically above the LOD
of most ART Kkits [8].

Optical biosensors are devices that use optical signals to detect an analyte with the aid of
biological sensing components or affinity ligands [9]. The sensing components (e.g. antibodies,
aptamers, or antigens) interact with respective target analyte (e.g. whole virus, viral antigen, or
virial RNA) to generate a detectable optical signals in the form of coloured lines in lateral flow
test, shifts in surface plasmon resonance (SPR) angle, change in localised SPR (LSPR), surface
enhance Raman spectroscopy (SERS), colorimetric change or fluorescent emission, etc [10]. In

optical biosensors for SARS-CoV-2 S protein antigen or virus particles, antibodies are commonly



used as bioaffinity ligands. While antibodies are typically specific to the virus, new strains of
SARS-CoV-2 exhibit decreased affinity to some existing antibodies [11] and can affect the
sensitivity of antibody-based biosensors. As all currently known strains of SARS-CoV-2, such as
omicron BA2, still utilize ACE2 to enter the host cell [12, 13], the use of ACE2 as the receptor
effectively futureproofs the sensor against future mutations of the virus.

In this review, we discuss optical biosensors that use ACE2 protein and ACE2 mimics (i.e.,
peptides derived from ACE2 that bind to SARS-CoV-2 S protein) for the detection of SARS-CoV-
2 virus, antigens, neutralising antibodies and inhibitor drugs. While a number of reviews on SARS-
CoV-2 biosensors have been published [14-16], including those focusing on optical sensors (e.g.
colorimetric SARS-CoV-2 nanosensors [17] and nanophotonic biosensors for identifying SARS-
CoV-2 variants [18]) and ACE2-based biosensors [19, 20], here we further expand the knowledge
on the use of both ACE2 and ACE2 mimics for optical biosensor development. We start by
introducing ACE2 receptor and ACE2 mimics. We then describe various viral surrogates that have
been used for the construction and validation of the SARS-CoV-2 biosensors. After that, we
discuss the various ACE2- and ACE2 mimic-based optical biosensors for their principles and
extended applications not only for SARS-CoV-2 detection, but also for the detection of non-viral
targets (e.g., SARS-CoV-2 neutralising antibodies and anti-SARS-CoV-2 drugs). Finally, we
compare the advantages and limitations of using ACE2 protein and ACE2 mimics and the related
performance of the various optical biosensors. We also provide some perspective into the clinical

viability and other applications from an analysis of the performance of these biosensors.

2. ACE2 protein and ACE2 mimics



ACE2 normally exists as a homodimer and serves as a receptor for several viruses to enter
cells, most notably SARS-CoV-2, SARS-CoV-1 and NL63. Although ACE2 is a transmembrane
enzyme, it also exists in a soluble form after the ACE2 transmembrane domain is cleaved various
enzymes [21]. Fig. 1 shows the full structure of ACE2 that consists of four main domains, namely
the signalling peptide, soluble extracellular domain, transmembrane domain, and cytoplasmic
domain.
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Fig. 1. (A) The unfolded ACE2 protein showing the location of the four domains on the protein,
as well as the location of the SARS-CoV-2 ACE2 mimics and the region involved in the enzyme
substrate-binding site based on Uniprot accession number Q9BYF1. (B) 3D representation of the
complete folded ACE2 protein dimer on a cell membrane, as well as the attachment point of the
SARS-CoV-2 RBD Image taken from Ref. [22], reproduced under a Creative Commons
Attribution License 4.0 (CC BY) https://creativecommons.org/licenses/by/4.0/ .

The normal enzymatic function of ACE2 is to convert angiotensin 1 and angiotensin 2 to
angiotensin 1-9 and 1-7, respectively, as part of the renin-angiotensin system [21]. The active site

of ACE2, i.e. residues 375 and 505 in the soluble extracellular domain, is not involved in the
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binding of SARS-CoV-2 virus and the binding of ACE2 inhibitors does not affect the binding of
ACE2 to SARS-CoV-2 S protein [23]. Instead, the SARS-CoV-2 S proteins bind to a region near
the N terminus, known as the al helix [22, 24].

The fact that SARS-CoV-2 S protein mainly recognises a region of ACE2 in the soluble
extracellular domain near the N terminus (the a1 helix) has led to the exploration of using truncated
ACE2 peptides (termed as ACE2 mimics) for various applications, such as a SARS-CoV-2 virus
binding inhibitors [25]. These same ACE2 mimic peptides can be used for capturing the S protein
or the virus in the development of SARS-CoV-2 biosensors [24]. The majority of ACE2 mimics
for optical biosensor development are based on the N terminal amino acid (AA) residues 24-42 as

the core [24, 26-28].

3. Viral surrogates used in ACE2- and ACE2 mimics-based optical biosensors

SARS-CoV-2 requires biosafety level 3 (BSL3) handling facilities [29], which is not easily
available. Thus, various viral surrogates are involved in the biosensor development, including
inactivated viruses, pseudoviruses and viral proteins. For example, ACE2-based optical biosensors
were developed against SARS-CoV-2 S protein, S1 subunit, or RBD [30-33]. However,
recombinant S proteins from different cell lines may exhibit different binding affinity to ACE2
[34]. Furthermore, recombinant proteins are significantly smaller than the whole virus, which may
result in differences in biosensor performance as compared to biosensors tested with whole viruses.

Pseudoviruses are also commonly used as a safer analogue to the SARS-CoV-2 virus for
biosensor development. Some pseudoviruses are made by modifying other viruses (e.g. vesicular
stomatitis virus) to produce the viral receptor protein of interest (e.g. S protein) [29]. Pseudoviruses

can also be made by inserting plasmids encoding the relevant viral proteins into cells to produce



pseudovirus particles, and was used to validate a fluorescence ACE2 mimic-based biosensor [26]
and a SERS ACE2-based biosensor [35]. Pseudoviruses can infect cells in a similar manner to
SARS-CoV-2 viruses and require a lower biosafety level at biosafety level 2 (BSL2) [29].
However, pseudoviruses may interact differently with the receptor compared to SARS-CoV-2
virus due to the structural differences. For example, vesicular stomatitis virus is bullet-shaped [36],
while SARS-CoV-2 is spherical [1].

Inactivated SARS-CoV-2 viruses can also be used for biosensor testing. For example, heat
inactivated SARS-CoV-2 virus was used to validate a SERS based biosensor [37]. While safer
than using viable SARS-CoV-2 viruses for biosensor testing, excessively harsh inactivation
methods can denature the S proteins and interfere with binding assays studies. In view of the
different physiological, structural, and biochemical properties of the various surrogate analytes,

their impact on sensor performance will be discussed in Section 7.

4. ACE2-based optical biosensors for the detection of SARS-CoV-2

Soluble recombinant ACE2 (residues 18-740) is most often used for the construction of
ACE2-based biosensors as it is easy to handle in aqueous media and is commercially available.
Table 1 shows a summary of the targets and performance of the various ACE2-based optical
biosensors. Protein LODs were converted to nM to better compare LODs based on number of

protein molecules detected.
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Table 1. SARS-CoV-2 optical biosensors that utilise soluble ACE2 as affinity ligand @

No. ACE2 type Detection Principle Target (MW) LOD" Sensitivity | Assay time Ref.
Selectivity |
Accuracy |
Sample
1 Soluble Lateral flow S1(76.5 kDa) 5 ng/ml NA*** 20 min [38]
extracellular (6.54x 102 nM)
Clinical virus 5.35 x 106
samples copies/ml
2 Soluble Lateral flow Wild type S1 (76.5 10 ng/ml S1 (0.131 NA 20 min [30]
extracellular kDa) nM)
Wild type RBD 2 ng/ml
(26.6 kDa) (0.0752 nM)
3 Soluble Colorimetric S protein* 1.54 x 10 ng/ml  96% | 94% | 90% 5 min [31]
extracellular (1.15 x 10° nM) | 100 Clinical
samples
4 Soluble Colorimetric S protein (37 kDa) 4.98 ng/ml 97.56% | 90.24% 30 min [32]
extracellular (0.116 nM) | 93.90% | 600
Clinical samples
5 Soluble Fluorescence RBD* 12.6 nM NA | 70.07% | 90 min [33]
extracellular (33.44 ng/ml) NA | SARS-
CoV-1, SARS-
CoV-2, MERS S
protein, and

11



various other

proteins
6 Soluble SERS S protein* 1.77x 102 nM 80 copies/ml | 5 min [35]
extracellular (2.38 ng/ml) NA | NA | water
samples
Pseudovirus 80 copies/ml
7 Not Stated SERS Inactivated SARS- 66 copies/ml NA | NA | 100% | 15 min [37]
CoV-2 100 simulated
throat and nasal
swabs
8 Not Stated SERS S Protein* 4.5 x 10 ng/ml NA ~15 min [39]
(3.62 x 108 nM)
9 Engineered LSPR Inactivated SARS- 100 TCIDso/ml NA 5 min (single [40]
Trimeric CoV-2 sample)
ACE2
10 Soluble LSPR RBD (26.54 kDa) 8.3x10*nM NA < 20min [41]
extracellular (0.0220 ng/ml)
NL63 Virus 391 PFU/mI**
11 Soluble Localised refractive S Protein (134.36 8.49 ng/ml NA 3 min [42]

extracellular

index changes

kDa)

(6.32 x 102 M)

 Unless otherwise stated, pseudoviruses, RBD, S1 and S protein in this table refer to that from SARS-CoV-2. SERS refers to Surface enhanced
Raman Spectroscopy; LSPR refers to Localised Surface Plasmon Resonance. Concentration values in brackets were converted from values listed in
the cited paper. Where multiple LODs were stated for different background matrices, the lowest was quoted in the table. b. the LOD values in
brackets were converted from the reported LOD values using the MW of the respective proteins. *S protein MW was not available or stated so
conversion from molar to mass concentrations assumed a 134.36 kDa MW of for S protein and 26.54 kDa for RBD. **PFU = Plaque forming units.
*** NA = data unavailable.
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4.1. Lateral flow sensors of SARS-COV-2 utilising soluble ACE2.

Lateral flow assay Kits typically consist of a sample pad, conjugate pad (or releasing pad),
a detection pad (nitrocellulose membrane) and an absorbent pad. The sample solution is added to
the sample pad and flows towards the conjugate pad and reacts with affinity ligand-functionalised
probes [43, 44]. Any analyte conjugated probe then binds to and forms a sandwich complex with
the capture antibody/receptor on the test line [6, 30]. This results in the appearance of a signal,
such as a coloured line, fluorescent line or SERS signal [44]. A control line with a capture antibody
reactive to the affinity ligand on the probe is stained by the excess probe to show that the strip
operates correctly [45]. These assays are capable of detecting attomolar concentrations of RBD
[46] and are a popular choice for optical biosensors as they are inexpensive, easy to use, often
require no additional equipment for operation and give results in 5-30 minutes. [45, 47].

Instead of using a pair of antibodies, ACE2 and a suitable antibody can form the pair to
sandwich the analyte in lateral flow test for COVID-19 (Figure 2A). Using a detection probe of
anti-S1 IgG-conjugated red cellulose nanobeads in the conjugate pad and ACE2 printed on the test
line [30, 38], a LOD of <5 ng/ml (0.0654 nM) of SARS-CoV-2 S1 protein [38] or 10 ng/ml
(0.131 nM) SARS-CoV-2 S1 protein [30] was achieved with this set up. When tested with cultured
clinical viral samples, these sensors could reach a LOD of 5.35 x 10° copies/ml [38], which is
similar to the 10°— 107 copies/ml reported for commercial ART Kits [7, 26]. The lateral flow sensor
that reported the 10 ng/ml (0.131 nM) LOD for SARS-CoV-2 S1 protein also reported a LOD of
2 ng/ml (0.0752 nM) for RBD. The lower LOD (higher sensitivity) to RBD was attributed to the
lower Kq values of the same antibody to RBD (Kq = 4.16 nM) as compared to S1 (Kq = 17.02 nM)
reported in the same reference using biolayer interferometry (BLI) [30]. It is worth noting that Kqg

values were typically calculated by dividing the measured association and disassociation rates of
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the analyte and receptor, often measured using SPR or BLI. As the association between RBD and
ACE?2 is reported to have heterogeneous interactions, care must be taken in the calculation of the
Kq values of RBD and ACEZ2 using the software provided with SPR or BLI equipment assuming a
single step reaction [48]. Despite such potential inaccuracy, we believe the Kq reported by the same
method holds a valid comparison of relative affinity, which is key contributor to the difference in
sensor sensitivity. The use of ACE2 instead of a capture antibody allows for easier selection of the
probe antibody by selecting a non-neutralising or non-RBD binding antibody. Incorrectly paired
antibodies may result in false positives if the antibodies bind to each other or give false negative

results if their epitopes overlap, as observed in a lateral flow sensor [38].
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Fig. 2. (Al and A2) A dual-use ACE2-based lateral flow biosensor setup capable of differentiating
(Al) SARS-CoV-2 strains and (A2) SARS-CoV-2 neutralising antibodies [30], Image was adapted
from figures in Ref. [30], wunder a Creative Commons CC-BY licence
https://creativecommons.org/licenses/by/4.0/. (B) A colorimetric swab based biosensor for SARS-
CoV-2 [31]. Reprinted (adapted) with permission from Ref. [31], ACS Nano 2021, 15, 11, 17453-
17462. Copyright 2021 American Chemical Society. (C) A SARS-CoV-2 SERS biosensor that
utilizes machine learning for detection of the virus [35]. Figure used without modification from
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Ref. 84, licensed under a Creative Commons Attribution 4.0 International License
http://creativecommons.org/licenses/by/4.0/.

ACE2-based lateral flow systems can be modified to include other functionalities, such as
SARS-CoV-2 variants identification using two anti-SARS-CoV-2 S1 antibodies that have
differential affinity to different SARS-CoV-2 strains conjugated with either red or blue cellulose
nanobeads (Figure 2A1) [30]. The strain identity can be determined by the intensity of the red and
blue staining on the test strip, using a portable line analyser. Furthermore, the same lateral flow
sensor can also be modified to detect neutralising antibodies (Fig. 2A) and this would be discussed

in further detail in Section 6.

4.2. Nanoparticle-based colorimetric and fluorimetric sensors for SARS-CoV-2 utilising soluble
ACE2.

Optical biosensors can be built exploiting various nanoparticles, including gold
nanoparticles (AuNPSs) that change colour on aggregation [17, 49]. In an ACE2- and AuNP-based
design, ACE2-functionalised cotton swabs firstly captured the virus (S protein) from patient nasal
swab samples, after which the swabs were immersed into an ACE2-AuNP conjugate solution [31].
As the S protein is trimeric [50], it acts as a cross linker to aggregate ACE2-AuNPs on the swabs
due to the formation of ACE2-S-ACE2 sandwiched complex. The resulting purple stain on the
swabs allow for infection detection within 5 minutes at a LOD of 0.154 pg/ml (for the S protein).
From 100 nasopharyngeal/oropharyngeal (NP/OP) clinical samples, the method shown a 96%
sensitivity and 90% accuracy.

Metal-bearing nanoparticles can also be used to catalyse a colour change in an optical

biosensor. For instance, yFe.Os nanoparticles catalyse the oxidation of 3,3',5,5'-
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tetramethylbenzidine (TMB) solution in the presence of H20> to produce a blue-coloured oxidised
TMB solution. The presence of SARS-CoV-2 S protein bound to soluble ACE2 causes the blue
coloured oxidised TMB solution to turn colourless in 30 minutes, with LOD of 4.98 ng/ml when
quantified via absorbance measurements [32]. It is believed that the binding of S protein to ACE2
results in the stressing of the disulfide bond of the S protein [32, 51], exposing the cysteine residues
of the disulfide bonds which reduce the blue oxidized TMB solution into a colourless solution
[32].

Fluorescence biosensors using ACE2 are also possible. For example, using ACE2-
functionalised single wall carbon nanotubes (SWCNT) that increase near-infrared fluorescence
when SARS-CoV-2 RBD binds to it. This achieved an LOD of 12.6 nM in 90 min incubation for
RBD. Additionally, the sensor was insensitive to biological contaminants, due to the use of near-

infrared fluorescence [33].

4.3 SERS, LSPR and other optical coronavirus biosensors utilising soluble ACE2.

SERS relies on noble metal nanostructures or nanoparticles to create a localised electric
field on laser excitation to enhance the weaker Raman signals from analytes. In general, there are
two modes of SERS sensing: i) direct mode and ii) indirect mode. In direct mode, the intrinsic
Raman signatures of the analyte is used, and are often coupled with machine learning to aid
spectrum analysis. In indirect mode, the Raman signatures of a reporter molecule bound to the
SERS substrate is used instead [52]. While SERS can detect trace quantities of analyte by
identifying their signature Raman fingerprints, it is prone to interfering signals from other

contaminants [35].
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A SERS-based SARS-CoV-2 biosensor was reported to use ACE2 conjugated to magnetic
molybdenum trioxide-polydopamine-gold functionalised nanospheres to magnetically concentrate
SARS-CoV-2 S protein onto a silicon substrate for measurement via a Raman confocal
microscope, achieving a LOD of 4.5 fg/ml S protein [39]. SERS signals from analytes also can be
enhanced by the use of nanostructures such as the hot spots between adjacent gold spikes and sharp
tips in gold nano-spike arrays [35]. An ACE2 conjugated gold nano-spike array coupled with
Raman spectrum interpretation via machine learning was reported to achieve a detection of 80
copies/ml of pseudovirus in 5 minutes of sample incubation (Figure 2C) [35]. The SERS
enhancement using gold nano-spike arrays can be further enhanced with magnetic enrichment
using ACE2 conjugated FezO4-Au composite nanoparticles achieving a LOD of 66 copies/ml of

SARS-CoV-2 virus from nasal and throat swabs in 15 min [37].

Noble metal nanoparticles exhibit LSPR, which refers to the collective oscillation of
electrons upon interaction with light [53] which can change due to molecular interactions, resulting
in LSPR peak shifts suitable for use in LSPR biosensors [40, 41]. Two examples of ACE2-
conjugated LSPR sensors for SARS-CoV-2 use ACE2 conjugated on titanium and gold coated
porous silicon [40], or a silver nanotriangle array, where the ACE2 was conjugated via electrostatic
and hydrophobic interactions [41]. The porous silicon LSPR biosensor had a LOD of 100 TCIDso
SARS-CoV-2 virus and 107 copies/ml pseudovirus from culture media in 5 min [40], while the
nanotriangle array had a LOD of 0.83 pM SARS-CoV-2 RBD in dilution buffer (modified PBS)
and 625 PFU/mI of NL63 in saliva [41].

The localised refractive index of fibre optic cables have also been used for SARS-CoV-2
biosensors [42]. ACE2 was immobilised on a slightly tapered no-core glass fibre, via 1-ethyl-3-(-

3-dimethylaminopropyl) carbodiimide (EDC) and Sulfo-NHS (N-hydroxysuccinimide) coupling
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after glutaraldehyde treatment of the (3-Aminopropyl) triethoxysilane (APTES) salinised glass
fibre. The binding of S protein to the ACE2 results in changes in the refractive index of the fibre,
and shifts in wavelength of the light passing through the cable achieving a LOD of 8.49 ng/ml for

the S protein (124.36 kDa) in PBS within 3 minutes [42].

4.4. Limitations of ACE2-based optical biosensors

A major limitation of ACE2 based biosensors for the specific detection of SARS-CoV-2
viruses is the cross-reactivity with other viruses and biomolecules, such as SARS-CoV-1 and the
common cold coronavirus NL63 [54]. The affinity of ACE2 to SARS-CoV-2 is slightly higher (Kq
4.63 x 10® M) [55] than that to SARS-CoV-1 (Kq 8.71x10® M) [56] and about 10 - 100 times
higher than that of NL63 S protein [56, 57]. However, NL63 is also detectable by ACE2-based
SERS biosensors [41]. Furthermore, biomolecules commonly present in patient samples, such as
angiotensin, can bind to ACE2 in the 169-515 region of the protein (uniprot entry Q9BYF1) [58]
and result in false positive results. Additional affinity receptors such as SARS-CoV-2 specific
antibodies [38] or other identification methods, such as SERS fingerprinting [35], can be used
together with the ACE2 to mitigate the abovementioned false positives. Alternatively, this non-

specificity can be mitigated by using ACE2 mimics instead of whole ACE2 [27].

5. ACE2 mimics-based optical biosensors for detection of SARS-CoV-2

There are several advantages in using short ACE2 peptide mimics over the full ACE2
protein for biosensors. Firstly, the short peptides allow for the design of biosensors that are not
possible using the much larger ACE2 protein, such as the creation of molecular beacon FRET

probes [26]. Secondly, although small peptides are still susceptible to pH and buffer changes [59],
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they are more tolerant to chemicals and resistant to denaturation than larger proteins. Lastly, ACE2
derived peptide mimics may confer higher specificity to SARS-CoV-2 [27] in comparison to whole
ACE2. This is because the RBD binding involves different AA residues of ACE2 for the SARS-
CoV-2, SARS-CoV-1 [60] and with NL63 [61] and also lack the ACE2 substrate binding site.
Table 2 summarises the analyte target and sensor performance for SARS-CoV-2 biosensors that
utilise ACE2 peptide mimics. Selectivity and sensitivity data was not available for any of the

papers in Table 2.
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Table 2. SARS-CoV-2 optical biosensors using ACE2 mimics as affinity ligand

N.o ACE?2 Residues Detection principle Target (MW) LOD Assay time Ref.
1 MYGGG- (24-30) Colorimetric RBD (26.3kDa) 0.01 nM < 30 min [62]
(26.3 ng/ml)
(34-41)-GGKGDF
lysed pseudovirus 10° copies/ml
2 (21-48)-K Fluorescence RBD (26.54 kDa) 0.0525 nM 60 — 240 min [24]
(0.139 ng/ml)
3 Binding peptide - CFN Fluorescence RBD (29 kDa) 7.00 x 10*°nM 10 min [26]
- (26 — 46) — binding (2.03 x 107 ng/ml)
peptide
Pseudovirus 10° copies/ml
4 21-43 SERS S protein (134.36 kDa) 300 nM ~30 min [27]

(4.03 x 10* ng/ml)

Conversion of LOD of the S/S1/RBD protein was performed for articles where the manufacturer provided the MW. LOD values in ng/ml in brackets
were converted from the published LOD values.
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5.1. Nanoparticle-based colorimetric and fluorimetric sensors of SARS-COV-2 utilising ACE2
mimics.

An AuNPs-based colorimetric sensor was designed with two AuNPs each conjugated with
a different half of an ACE2 mimic peptide work (Figure 3A) [62]. The two halves bind to different
parts of the S protein RBD, allowing the RBD to crosslink and aggregate the conjugated AuNPs,
causing a change in colour. A LOD of 0.01 nM was reported for S Protein RBD and 10° copies of

lysed SARS-CoV-2 pseudovirus [62].

A Colorimetric sandwich-type bioassay based on B
S pep-specific peptide pair

Coiled-coll stem

T
=\

S protein RBD

hACE2 mimic peptide-beacon
(COVIDI‘) PEB)

AW
4 AV
L—r(nnr\r-.m,u

22. hACE2

I-RFT
~*hACE2 mlmlc
((< peplule
o

Signal Off

M Signal ON

spike pmu‘m“

Excitation

spike protein
Emission
Excitation

Fig. 3: (A) A nanoparticle aggregation based biosensor using two halves of an ACE2 mimic
peptide [62], image from Ref. [62] reprinted from Journal of Hazardous Materials 425, Zhu, Q.
& Zhou, X, A colorimetric sandwich-type bioassay for SARS-CoV-2 using a hACE2-based
affinity peptide pair, Page number 127923, copyright (2022), with permission from Elsevier. (B)
ACE?2 receptor mimic FRET probe design using complimentary coiled-coil peptides, showing the
probe without target and when bound to a target [26], image from Ref. [26] reproduced under a
Creative Commons Attribution License 4.0 (CC BY NC)
https://creativecommons.org/licenses/by-nc/4.0/. (C) ACE2 receptor mimic FRET probe design
using complimentary DNA showing the probe conformation before and after binding to SARS-
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CoV-2 spike protein [24], image from Ref [24] used with permission under the Creative Commons
CC-BY-NC-ND licence.

Fluorescence resonance energy transfer (FRET) is a popular phenomenon for biosensor
design where the fluorescence of a fluorophore is quenched when in close proximity to the
quencher [24]. FRET based biosensors probes have been developed where each side of the ACE2
mimic peptide was modified with a fluorophore and a quencher. In one example, both terminus of
the ACE2 mimics were conjugated with complimentary DNA oligonucleotide with A CY3
fluorophore or a black hole quencher 2 (BHQZ2) on at each oligonucleotide terminus (Figure 3C)
[24]. An alternative design used a “coiled-coil peptide probe design”, where a fluorophore and
quencher conjugated to a pair of a-helical peptides that self-assemble into a super helix (Figure
3B) [26]. In both designs, complimentary DNA binding or super-helix formation causes the ACE2
receptor mimic to bend into a hairpin shape, bringing the terminal fluorophore and quencher pairs
into close proximity and quenching the fluorescence signal. Binding of SARS-CoV-2 S protein to
the ACE2 mimic section dehybridises the complimentary DNA helix or opens the coiled-coil
peptide respectively, resulting in fluorescence recovery as a light-on sensor. The DNA FRET probe
sensor reported a LOD of 52.5 pM for SARS-CoV-2 S protein [24], while the coiled-coil probe
design reported a LOD of 700 aM of SARS-CoV-2 RBD and 10° Copies/ml of SARS-CoV-2

pseudovirus using a miniaturised total internal reflection microscope [26].

5.2. SERS sensors of SARS-CoV-2 utilising ACE2 mimics.
The use of small peptides is advantageous for SERS based biosensors as large protein
molecules produce their own interfering SERS spectra [27]. An example of this approach uses a

cysteine-PEG (polyethylene glycol) modified ACE2 mimic attached to a nanostructured gold
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substrate [27]. The resulting Raman intensity changes of the spectrum on laser excitation was

analysed using multivariate curve analysis (MCR) to give a LOD of 300 nM for SARS-COV-2 S

protein. The peptide was found to be more specific to the SARS-COV-2 S protein over the S

protein from SARS-COV-1 and MERS-COV [27] as compared to whole ACE2 protein.

6. Optical biosensors utilising ACE2 for non-viral targets

While many biosensors utilising ACE2 or ACE2 mimics were intended for the detection

of SARS-CoV-2, ACE2 optical biosensors can also be configured for the detection of SARS-CoV-

2 neutralising antibodies and antiviral drugs. The details of these sensors are summarised in Table

3. Selectivity and sensitivity data was unavailable for all entries in Table 3.

Table 3. ACE2-based optical biosensors for detection of neutralising antibodies and drug

candidates
N.o  ACE2 domain Detection Intended target Assay Time  Ref.
principle
1 Soluble Lateral flow SARS-COV-2 neutralising 20 min [30]
Extracellular antibodies
2 Soluble Lateral flow SARS-COV-2 neutralising ~15 min [63]
Extracellular antibodies
3 Soluble Fluorescence SARS-COV-2 neutralising 18 min per  [64]
Extracellular antibodies test,
40 min for
20 tests
4 Soluble Fluorescence SARS-COV-2 drug 20 min [65]
Extracellular screening and neutralising
antibodies
5 Not Stated Fluorescence SARS-COV-2 neutralising ~5 min [66]
antibodies

Biosensors for the detection of SARS-CoV-2 neutralising antibodies or anti-SARS-CoV-2

drugs typically operate as a competitive assay, where they measure the ability of an antibody or

drug candidates to prevent the binding of SARS-CoV-2 S protein/S1/RBD [30, 63, 64]. One
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example of a lateral flow approach is using europium nanoparticle labelled RBD, which does not
bind to the ACE2 test line if neutralising antibodies are present. This test also includes an
additional test line using immobilised anti-human-Fc antibodies, which capture and detect any
labelled RBD attached to neutralising human antibodies as an extra verification [63].

The use of ACE2 instead of antibodies on a lateral flow test strip together with a labelled
antibody probe can also create a dual-purpose sensor that can detect both neutralising antibodies
and SARS-CoV-2 (as shown previously in Figure 2A2). For neutralising antibody detection, RBD
was added to the conjugation mixture, creating a competitive sensor. The presence of neutralising
antibodies in the sample prevents the binding and detection by the labelled antibody-RBD
conjugate at the ACE2 line [30]. This allows the same test strip to detect both viruses and
neutralising antibodies in a dual-use sensor.

Fluorescence sensors for neutralising antibody or anti-SARS-CoV-2 drug detection often
rely on the detection of fluorescent RBD or S1 attached to ACE2 conjugated to a surface such as
magnetic nanoparticles [65] or a glass probe [64]. The presence of a neutralising antibody or anti-
SARS-CoV-2 drug prevents the fluorescent RBD/S1 binding to the ACE2 and result in a reduced
fluorescence on the nanoparticle or probe. An alternative “light on” SARS-CoV-2 neutralising
antibody detection makes use of FRET between an RBD conjugated fluorescent nanoparticle and
ACE2 conjugated quenching nanoparticle [66], where the presence of the neutralising antibody
prevents fluorescent nanoparticle from binding to the quencher and results in the solution

remaining fluorescent.

7. Performance comparison
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For a biosensor to be clinically viable, the LOD (a measure of analytical sensitivity) must
be relevant to the analyte concentration of clinical samples. Biosensor LODs are typically viral
LODs (using SARS-CoV-2 virus or pseudoviruses) or protein LODs (using S protein, S1 or RBD).
Viral LODs are typically reported either in PCR units describing RNA/DNA copies/ml or infective
units (TCIDso/ml or PFU/mI), depending on if PCR or culture methods were used to benchmark
the biosensor’s LOD. Protein LODs are quoted in mass/molar units (e.g., ng/ml or nM). An LOD
of about 10° copies/ml for ART Kits is acceptable by the world health organisation as this LOD
corresponds to the viral load of individuals with a high viral load [67]. Although ART Kkits do not
detect viral RNA or viral viability, the LOD quoted for these ART Kits is typically stated in
copies/ml [68], PFU/mI or TCIDso/ml [69]. These units are used as PCR [7, 68] or culture based
methods are used often used to benchmark the ART Kkits performance [69, 70]. Additionally, for
the test to be acceptable by regulatory bodies such as the FDA, the test must fulfil various
parameters, i.e. selectivity, selectivity, accuracy, precision, recovery and stability etc. [71]. Most
of the ACE2-based optical biosensors showcased in this review are at pre-clinical stages of
development and hence much of this data is unavailable.

As seen from Tables 1 and 2, the reported viral LOD for the lateral flow [38], colorimetric
[62] and fluorescence [26] is in range of ~10° - 10° copies/ml of inactivated SARS-CoV-2 or
pseudovirus. This LOD range is similar to that of the commercially available ART kits of 106 —
107 copies/ml [7], and meets the LOD values recommended by the World Health Organisation of
10° copies/ml for ART tests [67]. Two SERS biosensors [35, 37] also reported a LOD below that
of current commercial RT-PCRs (102 — 10 copies/ml) [3, 26]. While electrochemical biosensors
based on ACE2 can also achieve very low LODs, (e.g. 38.6 copies/ml) [57], electrochemical

biosensors are vulnerable to interference from electrochemically active media or sample
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contaminants [72] which can affect their accuracy especially at low analyte concentrations. These
reported LOD values show the ACE2 derived biosensors can be comparable with or exceed that
of currently approved systems.

As discussed previously in Section 3, due to the difficulty in handling viable SARS-CoV-
2 viruses, many biosensors report their performance (e.g., LOD) using protein surrogates.
However, it can be difficult to determine the clinical performance of a biosensor compared to the
accepted PCR standard (i.e., virus copies/ml) based on the LOD of a surrogate system (e.g., nM
of S protein). The differences in structural and chemical properties between entire virions and
isolated virus proteins are likely to affect different biosensor designs differently. For example, the
colorimetric ACE2 mimic sensor developed by Zhu et al [62], that reported a SARS-CoV-2 RBD
LOD of 0.01nM, and the ACE2 mimic FRET-based biosensor by Tripathy, S. P et al., [26], that
reported a SARS-CoV-2 RBD LOD at 700 aM. Both biosensors reported an identical viral LOD
of 10° Copies/ml of SARS-CoV-2 peudovirus [26, 62]. Hence, while biosensors may report highly
sensitive detection of S protein/S1/RBD, care must be taken when attempting to extrapolate the
viral LOD performance of these biosensors from their protein LOD values.

In addition to analytical sensitivity, assay time is also important for rapid detection of
SARS-CoV-2 infections. From Tables 1 and 2, the assay time for biosensors using ACE2 or ACE2
mimics ranges from 3 minutes [42] to 120 minutes [73] per sample, with a median value of 20
minutes, which are significantly faster than conventional PCR testing. Additionally, many of the
biosensors are portable, such as lateral flow strips [38] and portable Raman spectrophotometers
[37], and are capable of point-of-care diagnosis of COVID19.

There is also potential for these biosensors to be used for environmental surveillance of

SARS-CoV-2. For instance, the concentration of airborne SARS-CoV-2 in indoor settings with
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infected individuals can reach up to 3.38 x 102 copies/m? [74]. It is possible to adapt low LOD
biosensors to detect the presence of the virus in environmental samples by combining the biosensor
with a suitable sampling method. For example, a biosensor combined with an electrostatic air

sampler was developed for the detection of influenza and coronaviruses [75].

8. Conclusion and future perspective

In this review, optical biosensors using ACE2 and ACE2 mimics as the affinity ligand were
reviewed for their applications of detecting coronaviruses infection and for detecting neutralising
antibodies or as a screen for anti-SARS-CoV-2 drugs. ACE2 mimics, i.e., the short peptides from
ACE2 involved in the binding to the SARS-CoV-2 S protein, are alternative to ACE2 protein for
biosensor designs and can support the development of novel biosensors of various formats where
the larger ACE2 protein is unsuitable such as FRET or direct SERS biosensors. Additionally,
ACE2 mimics peptides are selective to the SARS-CoV-2 virus over SARS-CoV-1 due to
differences in the residues involved in S protein binding. While some ACE2 optical biosensors
have been tested against SARS-CoV-2 samples from patient swabs [28, 37, 38, 40], many ACE2
based optical biosensors use viral proteins as safe surrogates for performance testing. which is
difficult to correlate with a viral LOD (i.e., SARS-CoV-2 virus or pseudovirus) to determine the
sensor’s clinical suitability. This difficulty in handling live virus containing clinical swab samples
is a bottleneck in the development of ACE2 based SARS-CoV-2 biosensors, as compared to, for
example virus inactivated clinical serum samples for serological tests [76]. This bottleneck can be
alleviated by increasing the accessibility of clinical samples from BSL3 facilities to researchers,
for example, by establishing dedicated groups or centres to facilitate such clinical sample testing.

While biosensors are in development, it is important to consult the published guidelines from the

27



relevant regulatory body for the design of experiments to validate the biosensor. This would allow
for easier regulatory approval and a more rapid adoption of the biosensor.

As the COVID-19 pandemic enters its fourth year and continues to affect the world, the
relatively rapid turnover time of biosensors as well as the potential for on-site diagnosis make them
an indispensable tool in limiting the effects of the disease. The use of ACE2 or ACE2 mimics in
biosensors futureproofs the sensor to new mutants of the virus as long as the virus S protein still
utilises ACE2. These ACE2 mimics can be further modified to improve their binding affinity to
the S protein [25]. Additionally, the recent advancement in machine-learning and data processing
capabilities can further increase the speed and accuracy of certain biosensors, for example,
processing complex Raman spectra for SERS based fingerprinting sensors to identify binding of
viruses [35] as mentioned in Section 4.3. When optical biosensors have multiple output signals,
Al algorithm can assist the classification of the detection outcome, as demonstrated recently for
wound healing monitoring [77]. Such Al-enabled multichannel optical sensors can be developed
for detecting SARS-CoV-2 variants of concerns and the emerging of new strains. With all the
earlier mentioned technological elements, cell receptor- or receptor mimic-based optical
biosensors can be developed for any pathogen that utilises a known receptor, enabling the creation
of biosensors that are resistant to future mutations of the pathogen. We hope this review can inspire
for the further translation of such receptor-based optical biosensor technologies into novel

COVID-19 detection kits, as well as to expand their development to detect other future pathogens.
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